INTRODUCTION
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brain regions in amyotrophic lateral sclerosis (ALS) and Alzheimers patients as well as in the pathologically aging brain (2, 22, 23) .
Prion diseases are neurodegenerative disorders including Creutzfeldt-Jacobs disease in humans and scrapie in sheep. The experimental transmissible form (to hamsters, mice and cell cultures) is also named scrapie. Characteristic for prion diseases is the conformational change of the cellular prion protein (PrP C ) to the pathogenic isoform (PrP Sc ), which accumulates intra-and extracellularly (24) . Neuropathological changes include astrogliosis and vacuolisation of nerve cell processes, resulting in the typical spongiform neurodegeneration.
PrP C is a membrane associated protein, mainly expressed in neurons and located to sphingolipidand cholesterol-rich membrane domains or "lipid rafts" by virtue of its C-terminal glycosylphosphatidyl-inositol (GPI) anchor (25, 26) . These specialised membrane microdomains are highly enriched in tyrosine kinase receptors e.g. the insulin receptor (27, 28) and their downstream signalling targets such as Grb2, Shc, insulin receptor subststrate-1 (IRS-1), Ras, Fyn, PI3K and mitogen activated protein kinases (MAPKs) (27, 28) . It was recently shown that antibodymediated cross-linking of PrP C in differentiated neuronal cells induced a caveolin-1-dependent activation of the tyrosine kinase Fyn, suggesting a possible role of PrP C in lipid rafts as a signalling molecule (29) .
Although the function of PrP C is still unknown, several lines of evidence indicates that PrP C may be involved in maintaining the proper oxidative balance of the cell through a regulation of intracellular copper transport (30) . PrP C binds copper in the N-terminal octapeptide repeat region and prion protein deficient mice show a severe reduction in the copper content of synaptic membranes, together with a reduced Cu/Zn superoxide dismutase (SOD) activity, presumably as a consequence of reduced incorporation of copper into the enzyme (31, 32) . In addition, primary neurons from prion protein knockout mice exhibit increased sensitivity to oxidative stress (33) . Accordingly, recent studies implicate the involvement of increased oxidative stress (34, 35) and neuronal apoptosis in prion infected brains and neuronal cells, possibly as a result of loss of function of PrP C .
Because increasing data suggests that IGF-1 protects neurons from damaging oxidative stress and that the IGF-1R expression is tightly regulated in other neurodegenerative conditions, we have examined the regulation and function of the IGF-1R in scrapie infected neuroblastoma cell lines.
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Alterations in the IGF-1 system in scrapie infected neurons may contribute to the prion induced degenerative cascade by rendering these cells more susceptible to neuronal death because of changed expression and/or function of the IGF-1R. Our results show that scrapie infection induces a 4-fold increase in the expression of the IGF-1R protein accompanied by elevated IGF-1R mRNA levels.
However, no increase in binding sites or cell growth was observed in these cells, albeit the massive increase in IGF-1R expression. This discrepancy was further shown to be caused by a 7-fold decrease in receptor binding affinity in scrapie infected neuroblastoma.
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MATERIALS AND METHODS
Materials
Anti-phosphotyrosine (4G10) antibody was purchased from Upstate Biotechnology Inc. and anti-IGF-1R antibodies directed against the α-(sc-712) and β-subunit (sc-713) were from Santa Cruz Biotechnology, Inc. Recombinant anti-mouse PrP antibody D13 was kindly provided by Stanley B.
Prusiner at UCSF, Calif. Secondary horse radish peroxidase (HRP)-conjugated goat anti-human antibody was from ICN biomedicals Inc. HRP-conjugated anti-mouse IgG, anti-rabbit IgG and wheat germ lectin-sepharose beads (WGA-beads) were purchased from Amersham Pharmacia Biotech.
125 I-IGF-1 was from NEN Life Science Products Inc., Belgium. All cell culture reagents and poly d(T)18 primer were from Life Technologies, Sweden. All other reagents were from Sigma.
Cell culture and generation of ScN1E-115 cells
ScN1E-115 cells were generated by infection of N1E-115 cells with brain homogenate from CD-1 mice infected with the Rocky Mountain Laboratory strain of mouse prions derived from the Chandler isolate (RML prions). 2 x 10 5 N1E-115 cells per well were seeded in a six-well plate 24 h prior to inoculation with a 10% brain homogenate from uninfected and RML infected mice (to yield final concentrations of 0.1%, 0.5% and 1%) in CO 2 -independent medium (4,5 g glucose/l) supplemented with 10% fetal calf serum (FCS). The cells were incubated at 30°C for 3 days and thereafter maintained at 37°C under routine conditions. The cells were passaged once a week for 8 weeks, before examination for presence of PrP Sc . The cells were routinely cultured at 37°C under an atmosphere of 5% CO 2 in DMEM with Glutamax II and 4.5 g/L D-glucose supplemented with penicillinstreptomycin and 5% FCS for N2a and ScN2a and with 10% FCS for N1E-115 and ScN1E-115. N1E-115 cells was a generous gift from Clara Nahmias, Inst. Cochin, Paris, France. ScN2a cells were generated as previously described (36) and was together with non infected N2a generously provided by Stanley B. Prusiner. N2a cells were also purchased from ATCC. 
Detection of PrP Sc
Both ScN2a and ScN1E-115 cells were regularly controlled for scrapie infection by detection of PrP Sc . Cells were lysed in 0.5% Triton X-100, 0.5% sodium deoxycholate, 150 mM NaCl, 10 mM Tris pH 8.0 and centrifuged for 1 min at 10,000 x g. 90% of the supernatant was proteinase K (PK)-treated at 20 µg PK/mg protein for 1 h at 37°C (+PK). The remaining 10% of the cell lysate was not PK digested (-PK). PK treatment was stopped by 1mM phenylmetylsulfonyl fluoride (PMSF) and proteins were concentrated by methanol precipitation and solubilised in Laemmli sample buffer, cells/well in 6-well plates. After 24 h the cells were serum deprived for 48 h in serum-free DMEM to obtain synchronised cells and then treated with DMEM supplemented with insulin-free N2 (100 µg/ml transferrin, 6.3 ng/ml progesterone, 16.11 µg/ml putrescine and 5.2 ng/ml selenite) and 0 -100 ng/ml IGF-1. The cells were trypsinised and counted in a Coulter Counter after 0, 24, and 48 h. The two N2a cell lines obtained from two different sources were both used and together referred to as N2a cells in the proliferation study.
Lectin column purification and immunoprecipitation
Cells were starved for 18 h and treated with IGF-1 (1, 10 and 100 ng/ml in DMEM) for 5 min at 37°C, washed once with PBS supplemented with 1 mM sodium orthovanadate (Na 3 VO 4 ) and thereafter lysed in extraction buffer (1% Triton X-100, NaCl 150 mM, 50 mM Hepes, 20 mM EDTA, 10 mM sodium fluoride, 30 mM sodium pyrophosphate, 2 mM benzamidine, 1 mM Na 3 VO 4 , pH 7.6), supplemented with protease inhibitors (1mM PMSF, 1µg/ml leupeptin, 1µg/ml aprotinin and 
RT-PCR of IGF-1R
Total RNA was isolated from N2a and ScN2a cells using TRI-reagent™ ( Sigma-Aldrich). cDNA was synthesized with a poly(dT)18 primer and then amplified with mouse IGF-1R specific primers CAA-TCT-ATT-CAC-AAG-CCT-CC (IGF-1R 4211, sense) and GGA-AAA-AGA-GAG-GAG-ACG-GA (IGF-1R 4460, antisense) to generate a 250 bp fragment. To control for any variability in sample preparation GAPDH was also amplified with GAPDH specific primers GCC-CAG-AAC-ATC-ATC-CCT-GC (GAPDH 647, sense) and GCC-TCT-CTT-GCT-CAG-TGT-CC (GAPDH 1095, antisense) to yield a 449 bp fragment. Reactions were run for one cycle at 94°C for 1 min and then for 28, 32, 36 and 40 cycles consisting of 94°C, 30 s, 55°C for 30 s and 72°C for 1 min, followed by a 5-min extension at 72°C at the end. Each PCR product was characterized by digestion with specific restriction enzymes.
The products were analysed on 1,5 % agarose gels and visualized by ethidium bromide staining.
RESULTS
Generation of scrapie infected N1E-115 cells (ScN1E-115)
In order to obtain an additional prion infected cell line, as a control for cellular changes induced by scrapie infection in ScN2a cells, the neuroblastoma N1E-115 was inoculated with RML -prions. The presence of PrP Sc was tested after 8 passages (2 months) by immunoblotting of proteinase K (PK) treated cell lysates with the prion protein specific antibody D13. PrP Sc was not detected in uninfected N2a or N1E-115 cells, whereas the infection of ScN1E-115 cells was successful (Fig. 1) .
The ScN1E-115 cells were not subcloned before or after infection and provides a reliable cell culture model of prion induced changes, avoiding clonal differences (38) . All cells were routinely tested for production of PrP Sc during the experimental period, which is important as the infected cells may loose the prion infection over time, as shown by gain of PK-sensitivity. This actually happened to both the ScN2a and the ScN1E-115, which lost their prion infection after 50 passages (1 year) and 30 passages (8 months) respectively. Although the loss of PrP Sc propagation in the cells was not wished for, these self-cured cells provided excellent controls for the observed prion induced changes (see below).
IGF-1R expression in scrapie infected ScN2a and ScN1E-115 cells
IGF-1R expression was determined by western blot of wheat germ lectin (WGA)-purified proteins.
ScN2a cells showed a significant increase of IGF-1R protein expression compared to N2a cells when the same amount of protein was loaded ( Fig. 2A/B) . The ≈ 97 kD band in Fig. 2A is the mature IGF-1R β-subunit and the additional band at 200 kD is the IGF-1R precursor also recognised by the antibody. Densitometric measurements revealed a 3.8 ± 0.6 (P< 0.001, n=6) higher expression in ScN2a compared to noninfected cells. A significantly increased amount of IGF-1R was also observed in ScN1E-115 (210 ± 25 %, P< 0.05, n=2)) when compared to uninfected controls ( Fig. 2A/B) , strongly indicating that increased IGF-1R expression is a result of scrapie infection and not a clonal effect as it can be shown in other RML-infected neuroblastomas. Further evidence supporting this finding is that the IGF-1R expression in the ScN2a and ScN1E-115 cells which lost their prion infection returned to the same level as in uninfected cells (data not shown).
As the IGF-1R expression was detected in WGA-purified cell fractions (WGA-lectin binds glycosylated proteins) a prion induced difference in N-linked glycosylation of the IGF-1R in N2a and ScN2a could result in an apparently elevated IGF-1R expression. In order to rule out this possibility, cell extracts were subjected to immunoprecipitation with anti-IGF-1R α−and β-subunit specific antibodies, followed by immunblotting with the respective antibodies. As shown in Fig. 2C , the same increase of both IGF-1R α−and β−subunits was observed, indicating a prion induced increase in IGF-1R protein level and not differences in the glycosylation of the IGF-1R in ScN2a.
In order to determine whether the elevated level of IGF-1R in ScN2a was due to an increase in gene transcript number or altered post-transcriptional/translational processing of the receptor, as previously described for several membrane receptors in scrapie infected neuronal cells and brain (39, 40) , we performed semi-quantitative RT-PCR. PCR-products from several cycles were analysed to ensure that samples were taken in the linear phase of the PCR amplification. As shown in Fig. 2D , the IGF-1R mRNA level was significantly increased in ScN2a cells as compared to N2a. No difference in GAPDH mRNA expression was observed between the cells. Determination of the IGF-1R/GAPDH ratio, showed a 2-fold increase in IGF-1R mRNA (P<0.01, n=3) in ScN2a compared to N2a cells.
IGF-1 stimulated cell growth of N2a and ScN2a
In order to investigate the functional importance of the scrapie induced increase in IGF-1R number, proliferation studies in serum free medium supplemented with IGF-1 as the only mitogen was performed. IGF-1 (0 -100 ng/ml) dose-dependently stimulated cell growth of N2a and ScN2a cells, however no significant difference was observed in the number of cells between N2a and ScN2a at 0.1 µg/ml IGF-1 after 48 h (Fig. 3) . This unchanged cell growth of ScN2a in IGF-1 containing medium, despite the 4-fold increase in IGF-1R expression, was not expected as the number of IGF-1R has been shown to be directly associated with the mitogenic response under conditions of submaximal growth rate. (41-43). yielded 17±3 fmol IGF-1R/mg protein in N2a and 66.5±5.7 fmol/mg in ScN2a (Fig 4C) , which correlates well with the 3.8-fold increase in IGF-1Rβ as detected by western blot. This important decrease in IGF-1R affinity may explain the lack of increased cell growth in presence of IGF-1 despite the 4-fold increase in IGF-1R expression in ScN2a cells.
Analysis of IGF-1R tyrosine phosphorylation
We further analysed the functional consequences of prion infection on IGF-1R function in N2a cells by studying the IGF-1 stimulated IGF-1Rβ tyrosine phosphorylation. IGF-1 (1-100 ng/ml) treatment with anti-IGF-1R α−and β-subunit specific antibodies, followed by immunblotting (Fig. 2C) . These experiments showed the same increase of both IGF-1R α−and β−subunits in immunoprecipitates, indicating that the observed increase was not biased by the method which was used, but reflects a scrapie induced increase in the IGF-1R protein level. This is further strengthened by the significantly higher IGF-1R mRNA level in ScN2a compared to N2a, as measured by semiquantitative RT-PCR, which showed a two-fold increase in IGF-1R mRNA in ScN2a (Fig. 2D) .
A possible mechanism underlying the increased IGF-1R expression in the scrapie infected neuroblastomas could be increased oxidative stress induced by elevated levels of reactive oxygen and/or nitrogen species, as recently described in both scrapie infected neuronal cell lines and brains (34, 35) . Reactive oxygen species, specifically H2O2 and lipid peroxides activate IGF-1R transcription directly (50) , and several growth factors, including angiotensin II (51) and platelet derived growth factor (PDGF) (52, 53) stimulate IGF-1R expression by redox-sensitive mechanisms.
In addition, IGF-1R expression in retinal cells was shown to be increased under hypoxic conditions (54) , which are associated with elevated free radical formation and oxidative stress. Of special interest here is the finding that in the spinal cord of patients with ALS, a motor neuron disease associated with mutations in Cu/Zn-SOD, the number of 125 I-IGF-1 binding sites were substantially increased (2, 22) . We are currently investigating whether increased free radicals in ScN2a may participate in the induction of IGF-1R expression.
The scrapie induced up-regulation of IGF-1R mRNA and protein levels in ScN2a may be part of a trophic response to increased oxidative stress, as IGF-1R activation supports neuronal survival and inhibits cell death in various neurodegenerative disorders (9, 10, 12) . Changes in the IGF-1 system has been reported in various brain insults (2) Colocalization of misfolded prions and various protein tyrosine kinases in membrane rafts could be affected, with a subsequently altered tyrosine kinase signalling originating in these microdomains. Currently the localisation of the IGF-1R to lipid rafts is not known, however as many of its signal transduction partners and both receptor tyrosine kinases and Src-family kinases are harbored in these (27, 28) , IGF-1R signal transduction i.e. tyrosine phosphorylation may also be altered.
In conclusion, our data shows that scrapie infection affects the expression, binding affinity and signal transduction of IGF-1R in neuroblastoma cells. In addition to a possible direct neurotoxic effect of PrP Sc , the altered IGF-1R function may reduce the neurotrophic support and increase the susceptibility to cellular stress in scrapie infected neurons, thereby contributing to neurodegeneration in prion diseases. Fig. 1 . Detection of PK-resistant PrP Sc in scrapie infected ScN2a and ScN1E-115. Non-treated (-) and PK-treated (+) cell lysates of N2a, ScN2a, N1E-115 and ScN1E-115 were loaded on 12% polyacrylamide gel, transferred to nitrocellulose membrane and PrP isoforms were detected by the specific anti-PrP recombinant antibody D13. 90% of each cell lysate was PK-treated with 20 µg PK/mg protein for 1 hr at 37°C. Remaining 10% of the cell lysate was undigested. FIGURE 5
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